Chemical spills and accidents contaminate the environment and disrupt societies and economies around the globe. In the United States there were approximately 172,000 chemical spills that affected US waterbodies from 2004 to 2014. More than 8000 of these spills involved non-petroleum-related chemicals. Traditional emergency responses or incident command structures (ICSs) that respond to chemical spills require coordinated efforts by predominantly government personnel from multiple disciplines, including disaster management, public health, and environmental protection. However, the requirements of emergency response teams for science support might not be met within the traditional ICS. We describe the US ICS as an example of emergency-response approaches to chemical spills and provide examples in which external scientific support from research personnel benefitted the ICS emergency response, focusing primarily on nonpetroleum chemical spills. We then propose immediate, near-term, and long-term activities to support the response to chemical spills, focusing on nonpetroleum chemical spills. Further, we call for science support for spill prevention and near-term spill-incident response and identify longerterm research needs. The development of a formal mechanism for external science support of ICS from governmental and nongovernmental scientists would benefit rapid responders, advance incident-and crisis-response science, and aid society in coping with and recovering from chemical spills.
C hemical spills and accidents contaminate the environment and disrupt societies and economies around the globe (Bryant and Abkowitz, 2007; Capel et al., 1988; Jiang et al., 2012; Zhang et al., 2011) . Chemical spills into fresh water and subsequent human exposure continue to occur and are even increasing. One of the first chemical spills to capture global attention occurred as a result of fire in 1986 at a Sandoz Chemical warehouse containing over 1300 t of pesticides, dyes, and organometallic compounds. An estimated 1 to 3% of the warehouse chemicals were washed into the adjacent Rhine River. That massive spill and associated fish kill and ecological catastrophe started in Basel, Switzerland, and traveled 1320 km in 14 d, leading to the closure of drinking water treatment plants in Switzerland, Germany, France, and The Netherlands (Capel et al., 1988) . In 1991, 68,000 L of the pesticide metam sodium leaked from a derailed train into the Sacramento River in California, contaminating the river and killing vertebrates and invertebrates as the pesticide plume traveled to Lake Shasta, a drinking water supply. Residents living along the river could smell the horseradish/rotten egg odors of metam sodium and its breakdown products and were evacuated due to exposure to highly toxic methylisothiocyanate, a breakdown product (Bowler et al., 1994) . In 2005, the Songhua River at Jilin City, Jilin Province, China, was contaminated with an estimated 90 t of nitrobenzene and benzene after a fire and explosion at a chemical manufacturing facility. As a result, an 80-km chemical slick traveled down the Songhua River, causing water pollution and closure of drinking water treatment plants for millions of people over a 6-wk period (BBC, 2005; Zhang et al., 2011) . These massive spills and others exemplify the potential effects on freshwater resources, human health, and the environment from these incidents. To evaluate the magnitude of chemical spills affecting water resources and to frame the incident-response discussion below, we first evaluated US National Response Center data, which is publically available.
More than 351,000 incidents or chemical spills were reported to the US National Response Center between 2004 (USCG, 2015a . More than 172,000 of these spills affected US water bodies, primarily in areas with higher population centers (USCB, 2012) and larger quantities of water resources (USEPA, 2015f ) (Fig. 1 ). Our analysis of the incidents reported to the US National Response Center indicates that the majority involved petroleum and natural gas (approximately 88,000) or the release of other materials such as sewage, wood material, or batteries (approximately 76,000) (USCG, 2015a) . The remainder of spill incidents or chemical releases affecting water (8000) can be grouped into spills of chemicals with known toxicity (190 chemicals) that are regulated under various environmental laws (e.g., Resource Conservation and Recovery Act, Superfund Amendments and Reauthorization Act, or Toxic Substances Control Act [TSCA] ) (USEPA, 2015b) or 330 other chemicals that are not regulated or for which minimal toxicity information is available.
During incidents involving novel (new or understudied) chemicals, existing rapid-response methods and associated governmental science support can be hampered by the limited availability of critical information. The broader science community (governmental and nongovernmental, academic, and industrial) can and should serve as an additional resource for rapidresponse personnel to obtain time-sensitive, critical information. However, experience with recent chemical spills that affected water resources (Dollhopf and Durno, 2011; Mease et al., 2014; Tullo et al., 2014; Ward, 2014) has shown that much more needs to be done to develop organizational structures that can make external scientific expertise available during incident response (Machlis and McNutt, 2011; Plumlee et al., 2012) .
Below we describe the existing response structure in the United States as a model and suggest areas where enhanced science support may be most beneficial to incident response in the United States and, potentially, globally. Although science support is also needed during long-term recovery phases, such as when conducting a US Natural Resources Damage Assessment, there are sufficient examples and models of how science can be used to support these non-emergency-driven activities. Therefore, we limit our discussion to the need for, and benefits of, science support during incidents involving underinvestigated and less commonly spilled chemicals, especially non-petroleumrelated incidents affecting water resources.
Defining Science Support during Incident Response
The US National Incident Management System provides a common approach for managing incidents, a key feature of which is the incident command system (ICS) (HSPD-5, 2003) . The ICS is a management tool designed to meet the demands of small and large, natural and human-made emergency situations. The ICS is designed to organize near-term and long-term field operations of all levels of government during incident response. Generally, the ICS organizes the coordinated activities of five major functional areas: command, operations, planning, logistics, and finance and administration. It is designed to integrate facilities, equipment, personnel, procedures, and communications within a common organization structure to enable incident managers to respond to emergency situations. Additional personnel (e.g., a public information officer or a liaison officer) can be called to support the ICS, depending on the level of complexity of the emergency incident. Entities acting under the US National Incident Management System and the ICS have a mandate and legal authority to conduct their emergency activities according to these systems. This formalized process leads to the formation of interagency working relationships long before any emergency incident happens in which the ICS is used.
After a spill, a coordinated response by various agencies typically is initiated through the ICS (HSPD-5, 2003) . In many cases, governmental scientific support is available to first responders through the ICS, and this support is identified and managed by the Science Support Coordinator. Governmental science support might include federal or state personnel (e.g., a biologist, toxicologist, chemist, remote-sensing specialist, modeler, or industrial hygienist) or databases, such as those containing information on toxicity, fate and transport, summaries of sensitive resources, and recommended response actions (Table 1) . However, these databases are not comprehensive; nor could they be, with 84,000 chemicals in commerce listed on the TSCA inventory (USEPA, 2015e). For example, the National Oceanic and Atmospheric Administration's CAFÉ (Chemical Aquatic Fate and Effects) database is intended to aid responders in determining chemical aquatic fate by providing chemical structure and physical properties. Although the database contains chemical property data for 30,000 chemicals, it has toxicity data for only 3600 chemicals (Bejarano et al., 2016 Table 2 (USCG, 2015a).
When the need for knowledge exceeds that of the existing ICS science support, other scientists with relevant expertise can be engaged during the incident response (Mease et al., 2014) . This system currently involves three mechanisms. First, incident managers can place impromptu calls to scientists, leveraging pre-existing personnel relationships. However, this informal approach is not frequently implemented because incident managers are contaminants of concern for water security † ACD/i-Lab, http://ilab.acdlabs.com/iLab2/; ADIOS, http://response.restoration.noaa.gov/adios; CAFÉ, http://response.restoration.noaa.gov/cafe; CAMEO, http://www2.epa.gov/cameo; COSMO-RS, http://www.cosmologic.de; CRW, http://response.restoration.noaa.gov/reactivityworksheet; DWMAPS, not publicly available; EPI Suite, http://www2.epa.gov/tsca-screening-tools/epi-suitetm-estimation-program-interface; ERMA, http:// response.restoration.noaa.gov/maps-and-spatial-data/environmental-response-management-application-erma; ESI, http://response.restoration.noaa. gov/maps-and-spatial-data/environmental-sensitivity-index-esi-maps.html; FRS, https://www3.epa.gov/enviro; GNOME, http://response.restoration. noaa.gov/gnome; ICWater, http://eh2o.leidos.com/ (not pub licly available); PBT Profiler, http://www.pbtprofiler.net/; SPARC, http://archemcalc.com/ sparc.html; TAP, http://response.restoration.noaa.gov/oil-and-chemical-spills/oil-spills/response-tools/trajectory-analysis-planner.html; WCIT, http:// water.epa.gov/scitech/datait/databases/wcit/index.cfm (not publically available). ‡ Models are accessible through the Royal Society of Chemistry's ChemSpider web platform (http://www.chemspider.com/).
typically tasked with other time-critical responsibilities. Second, scientists may initiate contact with incident managers. However, scientists are unlikely to provide the immediate emergency response support needed by the incident commanders without having been involved in earlier response efforts and thus may lack a pre-established relationship and good understanding of critical support needs. The final mechanism is through governmental agencies forming external scientist support groups. Two examples of US governmental agencies "outside" the ICS that are less commonly used during inland chemical spills are the (USDHS) Centers of Excellence and the US Geological Survey (USGS). Unfortunately, even the USDHS Centers of Excellence, which are designed to be multidisciplinary teams that address homeland security challenges, do not include a center focused on chemical spills or inland waters.
Examples of Effective Science Support during Incident Response
Scientists outside the ICS structure successfully aided incident response for the spill of Crude-MCHM (primarily 4-methylcyclohexanemethanol and other cyclohexane derivatives) and stripped-PPH (propylene and di-propylene glycol phenyl ethers) on the Elk River in January 2014. This spill affected drinking water resources for 300,000 residents around Charleston, WV (Tullo et al., 2014; Ward, 2014) . The 37,900-L spill (estimated volume) was challenging for first responders, regulatory agencies, and the water utility due to a lack of available information on the chemicals' basic properties and toxicity (Manuel, 2014) . The CDC issued safe drinking water guidance during the exposure event based on scarce toxicity information in safety data sheets (SDSs) and information provided by the chemical manufacturer several days after the spill (CDC, 2014b). In the aftermath, public pressure led West Virginia Governor Tomblin to call on an independent team of experts (Rosen et al., 2014a) to determine safe levels of several spill chemicals in water, odor thresholds, procedures for household sampling, and potential breakdown products.
Other studies initiated outside the ICS structure were funded through the US National Science Foundation Rapid Response Research program ($300,000) and USGS ($78,000). Although separately initiated, the efforts of National Science Foundation and USGS-funded scientists were coordinated during the Elk River incident response and recovery through a liaison between the agencies (Cooper, 2014) . In particular, the researchers were able to share difficult-to-obtain analytical standards, samples of remaining unspilled material from the spill site's storage tanks, and data on isomers in the standards and Crude-MCHM (Foreman et al., 2015) needed to inform analytical method development, to determine fate properties (e.g., solubility) He et al., 2015; Weidhaas et al., 2016) and odor thresholds Sain et al., 2015) , and to support field studies . These studies were then used to inform the public regarding MCHM isomer odor thresholds in household water versus CDC-recommended safe drinking water levels (Harris, 2014) .
Science advisory teams have also been advantageously used to respond to large petroleum spills in the United States, such as the Kalamazoo River/Enbridge Pipeline spill ( July 2010), the Yellowstone River/Silvertip Pipeline spill ( July 2011), and the Deep Water Horizon spill (April 2010) (Tarpley et al., 2014) . Only in response to the Deep Water Horizon spill was significant external science support to the ICS engaged (Lubchenco et al., 2012) , whereas governmental and local stakeholder agency scientists were used during the Kalamazoo and Yellowstone River spills (Dollhopf and Durno, 2011) . Significant science support was also involved in international spills, such as the November 2002 Prestige Oil Spill near Galicia, Spain (Albaigés et al., 2006) and the January 1998 Idoho-Qit Oil Spill near Nigeria (Olagbende et al., 1999) .
As shown by the approximately 30,000 spills that occur in the United States annually (USCG, 2015a) and the number of chemicals for which relatively little toxicity information is available, there is a need for additional research and science support before, during, and after incident response. Below we describe enhanced science support approaches that could benefit incident response, with particular emphasis on the utility of the inclusion of scientists from outside the typical response network. The concepts presented below are highlighted in Fig. 2 . 
Science Support before an Incident
Spill prevention and containment is the ideal mechanism to reduce the number of incidents of chemicals affecting aquatic resources. In the United States, incident prevention could save over $500 million per year in emergency response spending (USCG, 2015b; USDHS, 2014; USDOI, 2014; USEPA, 2014 ). An emphasis should be placed on accurate and effective hazard risk analysis methods and practices to develop and continually update hazard assessments for chemical manufacturing, transport, and storage. Vulnerability analysis for critical infrastructure, such as water treatment plants and distribution systems, should be conducted on a regular basis to identify potential high-risk vulnerabilities and to suggest risk reduction options that could be implemented to significantly reduce the risk and consequences of chemical spills. The USEPA's Tabletop Exercise Tool for Water Systems: Emergency Preparedness, Response, and Climate Resiliency (USEPA, 2010) is one such tool that is available for assessing a variety of manmade and natural risks to water systems, along with optimal responses to mitigate these risks.
A continuing emphasis in academic research and industrial practice should be on improving practices and materials for spill prevention during chemical use, storage, and transport. Examples of such a practice are the use of automated leak detection with signaling to multiple critical parties and automated sensor systems for leak detection at the chemical facilities and upstream of drinking water intakes. Source water protection should include aggressive land use planning, aerial imaging, and the development of strategies for managing and sharing chemical inventory data (Rosen et al., 2014b) . For each chemical identified, the utility and state regulatory agencies should manage and make rapidly accessible SDS, toxicity information, basic chemical properties to assess fate and transport in environmental and engineered treatment systems, and chemical sampling protocols. When a spill occurs, early detection systems such as the USEPA-designed Water Security Initiative (USEPA, 2015g), which incorporates various data streams, can be used to detect contaminants within hours of a spill Gallagher and Dietrich, 2014; USEPA, 2015g) . Finally, all drinking water treatment plants should have alternative sources of water available during the incident response period in case their drinking water intake is affected, as recommended by the USEPA (Clark et al., 2011; USEPA, 2015a) . Significant funding may be required to develop alternative emergency drinking water sources (e.g., emergency drinking water wells, hookup to neighboring water utilities, bulk water transport).
Science Support during the Incident Response Period
Science support during the incident response period can have multiple goals. First and foremost, science support should aid responders in their objective to protect human health and the environment without interfering with emergency activities. As such, a majority of the science support discussed below focuses on support that is not located at the incident response space (i.e., off-site). However, it would be beneficial to have field-deployed science support when practical. Science support personnel could aid first responders in collecting interdisciplinary data needed to further understand the fate, transport, and health/ecological effects of incident contaminants. For example, earth scientists provided insights into the oil degradation mechanisms during the Deepwater Horizon oil spill to determine the extent of oil loss due to photo-oxidation and evaporation (Lewan et al., 2014) . Although field-deployed support is difficult to accomplish, the potential benefits from on-site science support are exponentially greater in terms of informing immediate and future incident response than off-site support. Some logistical challenges to onsite support from nontraditional sources include, but are not limited to, needing appropriate safety training, such as provided to a US Hazardous Waste Operations and Emergency Response (HAZWOPER) worker; being equipped with appropriate sampling gear and personnel protective equipment; achieving rapid communication with science support personnel; controlling information outreach to affected communities; and having legal authorities. Ideally, multiple groups across the United States would be ready to respond locally. Below we highlight several areas where science support might aid incidence response. The benefits and time frame to implementation of the support mechanisms are summarized in Table 3 .
Analytical Chemistry
In the immediate aftermath of an incident affecting water resources, first responders need information regarding the chemical spilled (volume, toxicity, chemical properties, concentration, analytical detection methods), media affected, potential biological receptors, fate and transport mechanisms, and estimated travel times to sensitive resources. This information may not be available during incidents involving less studied chemicals.
For any spill of chemical(s), rapid application or development of analytical method(s) is required to identify contaminants and to provide reliable concentration data for assessing exposure and guiding mitigation activities. When possible, first responders commonly use USEPA analytical methods or USEPA's Environmental Laboratory Network for analytical support. Realtime field measurements should be a priority and preferably provide detection levels below human and ecological health criteria (when available) or irritation (e.g., odor) thresholds. However, increasing numbers of chemicals in commerce have no published analytical methods, as occurred in the Crude-MCHM spill (Foreman et al., 2015) . In the absence of an analytical method, science support can be gained from research groups that study the spilled chemical(s) or related chemicals and should be a primary resource for methods, standards, fate and transport data, and human and ecosystem health information and for guidance on sample collection and preservation strategies. One challenge to the use of this science support is the inability of incident managers to quickly identify scientists actively working on these compounds. A more formal role for science support personnel clearly is needed, as discussed below. Also, if a premanufacture notification is required under TSCA (USEPA, 2015d), then the analytical methods used to collect premanufacture notification data might be adaptable during incident response unless classified confidential and thus unavailable.
Analytical method development and/or contaminant monitoring may be limited by the unavailability of well-characterized, high-purity standards. This is especially important for spills involving mixtures. Science support can be implemented for synthesizing or purifying chemical standards. Even when commercially available, a coordinated sharing of standard material is essential to rapid response and immediate monitoring. Two possible mechanisms could be used to address this inaccessibility of standard material. First, commercial chemical manufacturers could be required to maintain standards available for shipping to analytical laboratories in the event of a spill. Alternatively, a repository for chemicals in commerce could be established, similar to the USEPA's National Pesticide Standard Repository, which provides analytical standards to federal, state, and tribal laboratories (USEPA, 2015c). Furthermore, the group managing the repository or affiliated researchers could be funded to systematically characterize the materials and conduct artificial weathering, water transport, and toxicity studies, provided proprietary information is not invalidated.
Computational Chemistry
In the absence of suitable experimental methodologies and existing data, computational chemistry approaches such as Quantitative Structure Property Relationship (QSPR) methods can predict contaminant physical properties (e.g., solubility, volatility), environmental fate (e.g., partitioning coefficients), and toxicological behavior (e.g., toxic endpoints) based only on chemical structure. Empirically derived QSPR models provide rapid estimates and work well for chemicals structurally similar to those in the training set used to construct the model. Although QSPR methods were not designed for disaster response a priori, their utility and ease of access in a disaster response setting was exemplified during the cis-and trans-MCHM isomer analytical method development when USGS scientists used "ChemSpider" to obtain information on the commercial MCHM mixture because information on the two specific isomers it contains was unavailable (Foreman et al., 2015) . ChemSpider is a repository of chemical information with a convenient interface to QSPR-based prediction methods, such as the USEPA's EPI Suite models (USEPA, 2012a). The ChemSpider smartphone app puts this tool in reach of first responders. However, when a truly novel chemical is spilled (i.e., one dissimilar to the QSPR training database), quantum chemical computational methods may need to be used to provide an estimate of chemical fate. For example, QSPR models do not generally discriminate between chemical isomers such as cis-and trans-MCHM, which were experimentally found to differ in their environmental fate and odor thresholds, and utilization of first-principles computational chemistry was necessary to adequately predict chemical properties of these isomers (DeYonker et al., 2016; Dietrich et al., 2015; Foreman et al., 2015; Gallagher et al., 2015; Phetxumphou et al., 2016) . Although quantum chemical methods require more computational resources and time, their accuracy can far exceed QSPR models. Quantum chemical computations are particularly attractive because they require no exterior input other than knowledge of the compound's molecular structure. Academic and government computing infrastructure is in place to facilitate high throughput of quantum chemistry results. Development and application of additional QSPR models and computationally efficient quantum chemistry-based methods is warranted for the many poorly modeled chemicals in commerce.
Fate and Transport Modeling
When a spill occurs, and after obtaining or estimating volatility, degradation rates, sorption, and solubility data, estimation of travel time in waterways to sensitive resources and water intakes is needed. Two tools available only to first responders and governmental agencies for modeling transport of contaminants in source waters include RiverSpill and ICWater (Incident command tool for drinking water protection) (Samuels and Bahadur, 2006) . In the case of the Elk River MCHM spill, the Greater Cincinnati Water Works used ICWater to accurately estimate travel time and concentrations in the Ohio River (Samuels, 2014) , allowing closure of water intakes as the MCHM plume passed. It would be beneficial if these tools were more widely available to the academic community and general public.
One limitation to current models is their inability to accurately forecast transport of chemicals under future climate change conditions. For example, more frequent extreme storm events are predicted under current climate change models in the Appalachian region (Peterson et al., 2013) , which may result in increased incidents involving chemicals due to flooding. Therefore, development and application of more regionspecific modeling would be beneficial, as exemplified by the USGS Multihazards project "ARkStorm" scenario generated for California (Dettinger et al., 2012) .
Human and Ecological Health Risks
When an incident occurs, an immediate assessment of human and ecological risks is required. When available, these data are most often reported in SDS. Unavailability and/or incompleteness of the relevant SDS can hamper response efforts, as occurred for the MCHM/PPH spill (CDC, 2014a; Tullo et al., 2014) . Alternative sources should be identified for all community drinking water systems. Significant funding may be required to develop alternative emergency drinking water sources in some locations. Bottled water may be as short-and/or long-term solution. Priority should be placed on highvulnerability facilities.
Environmental modeling to estimate travel time and concentrations
Estimation of dispersal and arrival of contaminants in environmental systems for risk assessment and response planning
Hours to days Models currently available should be shared with public and researchers. Model revision/development should include climate change variables, such as water flow, wind/air patterns, temperature, and strong storm/flood scenarios, that often precipitate spill events. Model hydraulic inputs (e.g., flow) should be accessible for all waterways. Urgency is to provide input data from spill soon after incident (e.g., contaminant, volume, fate and transport properties).
QSPR † models Allow estimation of health risk and contaminant fate in environment, especially useful for understudied contaminants and expected transformation products
Hours to days Access to QSPR models and personnel capable of interpreting model results should be available during incident. Many QSPR models are rudimentary; emphasis should be placed on developing advanced models. Additional models or model testing are needed for contaminants outside the model's training space.
Development and adoption of analytical methods
Allow for analysis of contaminant concentration in water, air, soil, and biological matrices for risk assessment and response planning
Hours to days Safety Data Sheet should provide methodologies for monitoring the chemicals in water, air, and soil. Laboratories need personnel, equipment, and standards available to rapidly develop or adopt existing methods. During an emergency, identify major degradation products and consider developing methods.
Availability of chemical standards
Needed by analytical laboratory for rapid development or adoption of analytical methods and for measuring contaminants
Hours to days Chemical manufacturers should maintain standards for their chemical products and distribute standards to participating analytical laboratories during an incident. Alternatively, a central repository of standards could be created. Develop a network of synthetic chemists to rapidly synthesize unavailable spill compounds or key transformation products.
Human and ecological risk assessment
Aid risk assessment for novel compounds
Hours to weeks Develop dose response assessment methods and models that can address the immediate needs of incident response. † Quantitative structure property relationship.
Science Support Needed when Data Are Lacking and in the Long Term

Fate and Transport Modeling
Longer-term research studies should aim to provide tools to increase ICS effectiveness in incidents involving water resources. For example, critical toxicity and chemical/biological fate data and effective models to determine their fate and transport are still lacking for a majority of chemicals in commerce. Incident prevention plans need to be developed (i.e., resilient infrastructure, water resources protection plans) and/or implemented (i.e., leak detection, hazard and criticality analysis). Herein, we focus on research needs to benefit incident response involving water resources.
Ecological Risks
First responders depend on previously developed risk assessments available through CAFÉ or other databases to estimate risks from spilled chemicals to human health and the environment and to define cleanup goals. However, for incidents involving less common chemicals not subject to TSCA (e.g., MCHM) (Schnoor, 2014; USEPA, 1999) , science support is needed to determine the risk to receptors, either through expert judgment or a formal risk assessment (NRC, 1983) .
Human Health Risks
Traditionally, dose-response data come from human and animal studies or cell-based assays. Approaches to toxicological testing are currently undergoing revision (NRC, 2007) , albeit at a rate inadequate to cope with the introduction of new chemicals into commerce and the backlog of thousands of untested chemicals. Although hundreds of QSPR models are available from the National Toxicology Program (NTP) and USEPA (e.g., ECOSAR software [Reuschenbach et al., 2008; USEPA, 2012b] ) to predict different toxicity endpoints within hours, their accuracy is still under scrutiny. Furthermore, QSPRs do not account for the full dose-response relationship, link to exposure data during the spill event, or predict toxicity of reaction products or metabolites (Lan et al., 2015; NIEHS, 2015a; NRC, 2007; Rusyn and Daston, 2010) . More research is needed to accelerate development and testing of computational toxicology and associated model-input data, including physicochemical properties, bioaccumulation potential, and environmental fate, transport, and persistence. Emphasis should be placed on chemical mixtures that are still largely underexplored even though synergism or antagonism in mixtures can lead to different health and biological endpoints than exhibited by individual chemicals (ATSDR, 2004; Phetxumphou et al., 2016) .
High-throughput screening using in vitro biochemical and cell-based assays can assess thousands of chemicals within days for various toxicity endpoints (Allen et al., 2005; NIEHS, 2015a; NRC, 2007; Tice et al., 2013) . With thousands of strains in genetic collections (e.g., the model yeast Saccharomyces cerevisiae) (DeRisi et al., 2000; Giaever and Nislow, 2014; Goffeau et al., 1996) , hypotheses can be tested in a matter of days. Fundamental biochemical pathways are highly conserved across organisms, and measurements of genome activation, such as RNA-sequencing, can highlight potential targets of chemicals (Nuwaysir et al., 1999; Snyder and Gallagher, 2009) . Armed with these targets, validation in cell lines or rodent models can focus on realistic doses and specific symptoms. These results can then be used to predict human exposures and can be incorporated into chemical assessment guidelines (NRC, 2007) .
Unfortunately, even when multiple approaches are used, uncertainties remain regarding toxicity. In the 15 to 18 mo after the Elk River spill of MCHM, toxicological characterization was conducted by the NTP using QSPRs, high-throughput testing, and animal studies. The NTP evaluation included 200 toxicity prediction models, yet only four models yielded useful predictions. Two models predicted that MCHM exposure during pregnancy might affect the offspring of exposed individuals, whereas two other models confirmed that MCHM was a skin and eye irritant. Animal studies with MCHM showed neurotoxic effects to zebrafish (NIEHS, 2015d), fetal rat developmental toxicity (NIEHS, 2015c), and skin irritation in mice (NIEHS, 2015b) . In contrast, MCHM was shown to be inactive in high-throughput screening assays (NIEHS, 2014) .
Formalize the Enhanced Science Support Network with Responders
Currently, the US ICS response underutilizes external scientists even though we present several cases above where their participation has successfully aided first responder's efforts. A formal science support network is needed to move beyond the current "who-you-know-and-trust" model (Machlis and McNutt, 2011; Mease et al., 2014) to provide a deeper pool of science support personnel for incident response. Implementation mechanisms could involve a liaison between the ICS science support coordinator and a formalized enhanced science network with identification of scientist expertise obtained through an opt-in system that includes vetting to meet ICS needs (Machlis and McNutt, 2011) . The networking and safety advocacy resources of chemical-related professional societies (e.g., American Chemical Society, American Institute of Chemical Engineers, Society for Chemical Hazard Communication, Society of Environmental Toxicology and Chemistry) might provide a valuable role in helping to create and encourage scientist's involvement in an enhanced science support network. Further, there should be review, management, and dissemination to the public and researchers of data generated during incident response. For example, data from surface water, river sediment, aquatic species, site soils, and water distribution system samples collected by various agencies in the immediate aftermath of the Elk River Spill were unavailable to researchers or agencies not directly involved in their collection, possibly due to potential litigation concerns. This lack of transparency represents lost value from the significant taxpayer investment during response and recovery efforts. Data should be publically available with geographical tagging and sample collection information to support a posteriori data mining. The National Water Information System (2015), which provides water quality data for 1.5 million sites, exemplifies a mechanism for distributing complex environmental data. Rather than discarding remaining samples after analysis by commercial or federal laboratories, residual samples or sample extracts should be preserved and made available for analysis by other scientists.
This approach was beneficial when beach tar balls collected in 2011 and 2012 were identified as arising from the Deepwater Horizon incident based on comparison to archived source oil (Mulabagal et al., 2013) .
Finally, any scientist participating in incident response should be trained in strategies for communicating their science to the public. Science communication during incidents involving chemical spills should (i) identify the science most relevant to what people need to know, (ii) determine what people already know, and (iii) design science communications to fill critical knowledge gaps (Fischhoff, 2013) . Ideally the science is communicated clearly and compassionately while avoiding misconceptions (Bostrom et al., 2014a (Bostrom et al., , 2014b Bruine de Bruin and Bostrom, 2013) . These science communications should be based on the current literature and recommendations from social scientists regarding the human dimensions associated with spill response (Lord et al., 2012; Webler and Lord, 2010) . Any science communication with the public should be closely coordinated with the designated ICS public information and liaison officers.
Environmental Implications
Since 1995, approximately 30,000 spills have occurred each year in the United States (USCG, 2015a). There is limited toxicity, fate, and transport information available for many of the existing chemicals in commerce, and this information is severely lacking for new chemicals. Simultaneously, an increasing number of incidents involving chemicals affect water resources and potentially jeopardize drinking water and the economic livelihood of communities. To aid society in controlling and coping with the social and economic disruptions of chemical spills and to enhance environmental stewardship efforts, immediate, nearterm, and long-term activities are proposed.
Immediate Actions
• Initiate development of a repository of chemicals in commerce that can quickly be deployed for use in analytical method development and monitoring during a chemical spill incident.
• Expand efforts and financial support for spill prevention and containment activities, such as frequent updates to hazard assessments and source water protection plans, facility vulnerability analyses, and research into automated spill detection.
Near Term
• Formalize a science support network with vetted governmental, academic, and industrial scientists including identification of liaisons between the science support coordinator and the nontraditional science support network. Provide periodic review of the effectiveness of the science support network.
Long Term
• Provide alternative water source planning, up to and including purchasing or constructing secondary source water capacity for use during chemical spills.
• Address the dearth of toxicity information on novel or understudied compounds widely used in commerce and the risk from exposure to multiple contaminants.
• Develop more robust and accurate models for supporting the ICS, including travel time models for air and water, QSPR and quantum chemistry methods, and fate and toxicity models.
• Develop a portal to make environmental and ecological sampling data from emergency response activities during chemical spill incidents available to the scientific community and the public. Improved science support along the spectrum of risk and vulnerability analysis, accident and spill prevention, near-term incident response support, and longer-term research will aid society in controlling and coping with the social and economic disruptions of chemical spills.
